The Annular Groove Phase Mask (AGPM) is a vectorial vortex phase mask. It acts as a half-wave plate with a radial fast axis orientation operating in the mid infrared domain. When placed at the the focus of a telescope element provides a continuous helical phase ramp for an on axis sources, which creates the orbital angular momentum. Thanks to that phase, the intensity of the central source is canceled by a down-stream pupil stop, while the off axis sources are not affected. However due to experimental conditions the nulling is hardly perfect. To improve the null, a Mach-Zehnder interferometer containing Dove prisms differently oriented can be proposed to sort out light based on its orbital angular momentum (OAM). Thanks to the differential rotation of the beam, a π phase shift is achieved for the on axis light affected by a non zero OAM. Therefore the contrast between the star and its faint companion is enhanced. Nevertheless, due the Dove prisms birefringence, the performance of the interferometer is relatively poor. To solve this problem, we propose to add a birefringent wave-plate in each arm to compensate this birefringence. In this paper, we will develop the mathematical model of the wave front using the Jones formalism. The performance of the interferometer is at first computed for the simple version without the birefringent plate. Then the effect of the birefringent plate is be mathematically described and the performance is re-computed.
INTRODUCTION
The goal of phase mask coronagraphy is to reduce the light of a central star to improve the contrast of its faint companions. The Vortex team in Liège and Uppsala already developed, manufactured and installed several phase masks. [1] [2] [3] [4] [5] The goal of our system is to improve the performances of the Annular Groove phase Mask (AGPM) on a coronagraphic configuration. The AGPM which is composed of subwavelength gratings arranged in a circular pattern. It acts as a half-wave plate with a radial orientation of its fast axis (see Figure 1 (a) ). After this component, the transmitted beam is characterized by a phase dislocation of the form exp (ilθ) (see Fig 1 (b) ) where l is the topological charge, 6, 7 with l = 2 for the AGPM, and θ is the radial angle. However, due to experimental conditions (deviation from the half-wave plate, presence of a central obstruction on the primary mirror, atmospheric turbulence, etc), the attenuation of the central starlight is not perfect and a residual light remains. It has been demonstrated that beams with a helical phase Φ = lθ carries an Orbital Angular Momentum (OAM) lh. 8, 9 Inspired by methods to determine the OAM, [10] [11] [12] we plan to use the specific phase pattern produced by the AGPM and an interferometer based on Dove prisms to improve the rejection at the detector as proposed by Riaud et al . The goal of the Dove prisms is to induce a rotation of the incident electric field (see Figure 2 ). Thanks to a different orientation between the prisms and the helical phase profile of the beam, a π phase shift can be created between the two arms of the interferometer for the central source (see Figure 3 ) without causing destructive interference for the off axis sources. Therefore, the contrast ratio between the off axis sources and the residual central starlight is improved increasing the detection probability for off axis sources. This setup is a simplified version of the one proposed by P. Riaud 13 where four Dove prisms are implied to correct the differential rotation and overcome possible wavefront aberrations. In this paper, we focus on the effect of the Dove on the polarization and their impact on the interferometer performance. Firstly, the optical setup and its mathematical model will be described. Next the simulation results will be presented and analyzed. Then, an improved version containing additional birefringent plates will be proposed. Finally, the main results will be summarized and future work will be discussed. Figure 3 . Representation of the phase distribution for an on-axis source for the beams in the two interferometer arms. The difference between the two phase distributions is a rotation of 90
• due to the Dove prisms. A π phase difference is present between the two beams at beam combination and destructive interference occurs.
OPTICAL SETUP
The experimental setup is depicted in Figures 4 & 5 . The setup can be divided into two parts. The first one concerns the generic coronagraph setup while the second one contains the interferometer. 
Mathematical model
The Jones formalism and the Fourier transform approach were chosen to describe and simulate our system. At each step, the electric field will be divided into the x and y components E = E x E y and the Fourier transform will be applied to each component separately
The AGPM and the prisms will be modeled by their Jones matrices. In our simulation, the case of a circular pupil with a 10% central obstruction combined with perfect mirrors and beam-splitters without phase variation introduced by the coating was considered.
Where R pup is the radius of the entrance pupil, R obs is the radius of the central obstruction and E in is the incident electric field. Before the AGPM, the field is the Fourier transform of the field at the pupil plane.
After the AGPM, the field is multiplied by the matrix corresponding to the AGPM.
Where θ is the orientation of the fast axis of the birefringent plate and it corresponds to a radial orientation for the AGPM. At the Lyot stop plane, the field is the multiplication of the Fourier transform of the previous one multiplied by the Lyot stop.
Where R Lyot is the radius of the Lyot stop and R Lyot < GR P up with G the magnification. This field will be injected in the interferometer. The first element of the interferometer is a beam splitter, it will divide the incident beam into two beams. The first beam (E I ) will be transmitted and its intensity will be divided by 2. The second beam (E II ) will be reflected and have the same division of its intensity and a π/2 phase retard will be added.
Before the Dove prisms, the beam in the second part is reflected by a mirror. For a perfect mirror, a π phase retard will occur.
After the Dove prisms, the field is multiplied by the Jones matrix 14 of the Dove prisms D I and D II .
Where δ i is the orientation angle of the Dove prisms (δ I = 0˚and δ II = 45˚) T // and T ⊥ are the transmission coefficients for the parallel and orthogonal components of the polarized beam. They depend on the refractive index of the prism and on the angle of the prism edges. They are described in appendix A.
The effect of the Dove prisms is an image flip the inversion of top and bottom for D I and an image followed by rotation of 90
• for D II (see Figure 2 ). These are separately applied to each components of the electric field.
In the first arm before the beam splitter, the beam is reflected by a mirror. Just like in equation 6, a π phase retard will occur.
At the second beam splitter, each beam is divided into two other beams, which will be focused on a separate detector. For arm I, the beam will be transmitted into the A path and reflected into the B path while for arm II, the A path is the reflected one while the B path is the transmitted one.
Also the beam splitter will recombine the beams into paths A and B.
Finally, the beams are focused on the detectors.
The evolution of the light coming from a central source is pictured in Figure 6 . 
Performance definition
To assess the performance of our interferometer, two configurations were simulated: one without the interferometer where the beam after the Lyot stop is directly focused on a detector D 0 = F T (E Lyot ) the other is the complete setup presented before. Also, we define the performances of the interferometer as a contrast ratio. The contrast is computed in five steps.
1. A central source is simulated and its intensity is measured in the three detectors (see Figure 7 )
2. Off-axis sources are simulated for different incident angles from 1.5 to 7 λ/(D). Their intensities are measured on their respective detector (see Figure 8 )
3. The central lobe of each image of the off-axis sources is selected (see Figure 9 ) ⇒ Lobe N o , Lobe Ax , Lobe Ay , Lobe Bx , Lobe By .
4. Inside each selected central lobe, the average intensity (η) is computed. Figure 10) .
6. Inside each ring, the average intensity is computed.
The contrast Γ is defined as the ratio between the mean intensity contained in the principal lobe of the off-axis source on the mean intensity of the ring produced by the central source containing this central lobe.
8. The performance Ω is the ratio between the contrast obtained with the interferometer and the contrast obtained without the interferometer for the same incident angle (see Figure 11) . • . It can be observed that the performance does not significantly depend on the incidence angle α.
Results
In the mathematical model, the Jones formalism was used. This formalism is well suited to represent the phase of the beam through the optical setup and the beam transformations. However it only allows to properly represent completely polarized beams, which is not the case for a real observation. To overcome this situation, we decided to test the performance for differently polarized beams to determine whether the incident polarization influences or not the performance. During our simulations, we chose a refractive index n = 1.515 for the Dove prisms. As seen in Figure 11 , the performance exhibits a small dependance on the incident angle α. Therefore the results are summarized with the mean value of the performance for every incident angle α. The following table presents these results. • difference in the prisms orientation. From these results two major statements can be made.
1. Polarization of the incident beam does not significantly impact the performance.
2. The interferometer performances are relatively poor compared to a perfect nulling case predicted by a π phase difference. This lack of performance is due to the change of polarization state and phase retard produced by the Dove prisms, which were taken into account through their Jones matrices.
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To have a better understanding of the poor performance, the phase difference of the x and y components after the Dove prisms φ out x−y was computed and compared to the phase difference after the AGPM φ in x−y for several incident polarization. This phase variation ∆φ = φ out x−y − φ in x−y is related to change in the polarization state and the results are presented in Table 2 . The constant phase retard observed for δ = 0˚and δ = 90˚led to the improved version of the interferometer presented in the next section.
SETUP IMPROVEMENT WITH A CUSTOMIZED BIREFRINGENT PLATE
To improve the performance, the phase variation due to the Dove prisms must be reduced. To perform that task we proposed to use a modified version of the setup. The modification consists in a new orientation of the second Dove prism: δ II = 90
• and the addition of two birefringent wave plates to cancel the phase retard ∆φ as illustrated in Figure 12 . This setup is a modified version of the one proposed by Leach et al. 10 to sort odd and even OAM. The starlight possessing an OAM of 2 is sent to detector B while the off-axis sources do not possess OAM are sent to detectors A and B. This time due to the differential orientation of the prisms of 90˚, the on-axis beams will cancel at detector A and will add at detector B (see Figure 13) . Also, the images of the off-axis sources will be on the two sides of the x axis instead of one on the x and the other on the y axis (see Figure 14) . Table 3 presents the results for the modified interferometer for differently polarized incident beams. From these results it can be observed that the added wave-plates and the new prisms orientation improve the performances by a factor higher than ten. Also, variation due to different polarizations are still present, but the performances are still at the same order near 120 ± 10. These encouraging results validate the modified version of the interferometric setup.
CONCLUSIONS AND PERSPECTIVES
In this paper we presented the concept of an interferometric setup used to improve the performances of a coronagraphic phase mask. The interferometer uses rotating prisms to create a π phase shift between the two arms of the interferometer for a central starlight while the off sources are not superimposed. Thanks to the destructive interference of the central light, the contrast ratio between faint companions and residual starlight is improved increasing the detection capacity. The first system only increases the performances by a factor of ten. This factor could be improved to a factor one hundred and more by adding customized birefringent plates and changing the orientation of one Dove prism. In the future, several improvements will be investigated. The first one concerns the refractive index of the prism, since it impacts the phase error ∆φ, a first optimization will be to select the material with the smallest ∆φ while being transmittive in the useful wavelength domain and inducing a realistic size for the internal reflection. Next is to study the prisms birefringence dispersion to compute ∆φ(λ) and to deduce how the birefringence of the customized wave plates can accommodate this variation. Another interesting prospect will be to compute the sensitivity of the improved interferometer to the central obstruction ratio and the sensitivity to imperfect coronagraphs.
